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Inhibitors of poly (ADP-ribose) synthetase protect rat proxi- Ischemia followed by reperfusion of the kidney in-
mal tubular cells against oxidant stress. volves a complex and interrelated sequence of events
Background. The generation of reactive oxygen species (ROS) that result in the injury of renal cells and eventual cellhas been implicated in the pathogenesis of renal ischemia-
death due to apoptosis and necrosis [1, 2]. Althoughreperfusion injury. ROS produce DNA strand breaks that lead
reperfusion is essential for the survival of ischemic tissue,to the activation of the DNA-repair enzyme poly (ADP-ribose)
synthetase (PARS). Excessive PARS activation results in the there is good evidence that reperfusion itself causes addi-
depletion of its substrate, nicotinamide adenine dinucleotide tional cell injury (reperfusion-injury) [3], which has been
(NAD) and subsequently of adenosine 59-triphosphate (ATP), attributed to calcium overload, neutrophil infiltrationleading to cellular dysfunction and eventual cell death. The
and generation of reactive oxygen species (ROS) [1–3].aim of this study was to investigate the effect of various PARS
inhibitors on the cellular injury and death of rat renal proximal ROS–mediated cell injury and death has been implicated
tubular (PT) cells exposed to hydrogen peroxide (H2O2). in the pathogenesis of renal ischemia-reperfusion injury
Methods. Rat PT cell cultures were incubated with H2O2 and associated renal failure [1, 2]. Within the kidney,
(1 mm) either in the presence or absence of the PARS inhibitors
the situation is particularly complex, as ischemia itself3-aminobenzamide (3-AB, 3 mm), 1,5-dihydroxyisoquinoline
can cause early irreversible damage, which appears to(0.3 mm) or nicotinamide (Nic, 3 mm), or increasing concentra-
tions of desferrioxamine (0.03 to 3 mm) or catalase (0.03 to 3 be mediated by ROS [2]. Furthermore, the proximal
U/ml). Cellular injury and death were determined using the tubule (PT) appears to be particularly susceptible to
MTT and lactate dehydrogenase (LDH) assays, respectively. reperfusion-injury [1, 2].H2O2-mediated PARS activation in rat PT cells and the effects
ROS produce cellular injury and necrosis via severalof PARS inhibitors on PARS activity were determined by
mechanisms including peroxidation of membrane lipids,measurement of the incorporation of [3H]NAD into nuclear
proteins. protein denaturation and DNA damage [3]. Evidence ob-
Results. Incubation of rat PT cells with H2O2 significantly tained using cultured cells demonstrate that ROS produce
inhibited mitochondrial respiration and increased LDH re-
strand breaks in DNA, which triggers energy-consuminglease, respectively. Both desferrioxamine and catalase reduced
DNA repair mechanisms and activates the nuclear en-H2O2-mediated cellular injury and death. All three PARS in-
hibitors significantly attenuated the H2O2-mediated decrease zyme poly (ADP-ribose) synthetase (PARS) [EC 2.4.2.30,
in mitochondrial respiration and the increase in LDH release. also referred to as poly (ADP-ribose) polymerase
Incubation with H2O2 produced a significant increase in PARS (PARP) or poly (ADP-ribose) transferase (pADPRT)]activity that was significantly reduced by all PARS inhibitors.
[4]. PARS is an abundant, chromatin-bound enzyme con-3-Aminobenzoic acid (3 mm) and nicotinic acid (3 mm), struc-
stitutively expressed in numerous cell types [5], whichtural analogs of 3-AB and Nic, respectively, which did not
inhibit PARS activity, did not reduce the H2O2-mediated injury when activated catalyzes the transfer of ADP-ribose
and necrosis in cultures of rat PT cells. moieties from NAD to nuclear proteins including his-
Conclusion. We propose that PARS activation contributes
tones and onto PARS itself (automodification) with theto ROS-mediated injury of rat PT cells and, therefore, to the
concomitant formation of nicotinamide [6]. However,cellular injury and cell death associated with conditions of
oxidant stress in the kidney. there is now good evidence that exposure of cells to
oxidant stress in the form of superoxide anions, hydrogen
peroxide (H2O2) and hydroxyl radicals causes strandKey words: reperfusion injury, oxygen-derived free radicals, PARS,
cellular injury, apoptosis. breaks in DNA, leading to an excessive activation of
PARS and resulting in the depletion of its substrateReceived for publication August 30, 1998
NAD in vitro and a reduction in the rate of glycolysisand in revised form March 4, 1999
Accepted for publication April 12, 1999 [7, 8]. As NAD functions as a cofactor in glycolysis and
the tricarboxylic acid cycle, NAD depletion leads to a 1999 by the International Society of Nephrology
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rapid fall in intracellular ATP levels [7–11]. Further- METHODS
more, nicotinamide formed by PARS activation can be Isolation and culture of rat proximal tubular cells
recycled back to NAD via a mechanism that also con- Kidneys were obtained from male Wistar rats (Tuck,
sumes ATP [10]. Thus, activation of PARS leads to a Rayleigh, Essex, UK; weight 250 to 350 g). PT cells were
fall in ATP via two different mechanisms, which leads isolated from kidney cortex using collagenase digestion,
to cellular dysfunction and ultimately cell death [7–11]. differential sieving and Percoll density centrifugation as
Overall, this process has been termed “the PARS Suicide described previously [25]. Briefly, kidney cortex was sep-
Hypothesis” [12]. arated and washed with Hank’s buffered salt solution
Benzamide analogs, such as 3-aminobenzamide (3-AB) (Gibco BRL/Life Technologies, Paisley, Scotland, UK)
and nicotinamide (Nic), were first recognized as PARS to remove blood and urine, and was then chopped into
inhibitors over 20 years ago. They have been commonly small pieces. These were digested in medium consisting
used for this purpose in both in vivo and in vitro studies of a 1:1 mixture of Dulbecco’s modified Eagle’s medium
investigating their effects in many pathophysiological and Ham’s F12 nutritional mixture (DMEM/Ham’s F12;
conditions, including ischemia-reperfusion injury and di- Gibco BRL/Life Technologies) containing collagenase
abetes mellitus [13, 14]. They display a higher selectivity A (0.1% wt/vol; Boehringer Mannheim, Sussex, UK) for
for PARS compared to mono (ADP-ribose) synthetase 20 minutes at 378C. The resulting suspension was filtered
and low toxicity in in vivo studies [13, 14]. 1,5-Dihydroxy- through metal sieves of decreasing pore size (300, 150
isoquinoline (ISO) is a member of the more recently and 75 mm; Endecotts, London, UK) to remove glomer-
discovered isoquinolines family of PARS inhibitors, uli and larger undigested fragments, after which the fil-
which are more potent and include PD128763 (3,4-dihy- trate was washed with DMEM/Ham’s F12. The cell pellet
was then resuspended in a Percoll solution (30% vol/voldro-5-methylisoquinolinone), an ISO derivative [14].
Percoll prepared in DMEM/Ham’s F12, starting densityPARS inhibitors have been shown to attenuate the fall
1.044 g/ml; Sigma Chemical Co., Dorset, UK) and centri-in ATP (and NAD) and improve the survival of several
fuged at 13,000 r.p.m. for 30 minutes at 48C. Percollcultured cell types including epithelial cells [15–17], en-
density centrifugation produced three distinct bands atdothelial cells [11], aortic smooth muscle cells [18], mac-
densities 1.040, 1.060, 1.065 g/ml; the 1.060 g/ml bandrophages [18], pancreatic islet cells [19] and neurons [20]
has previously been shown to contain single and smallexposed to oxygen or nitrogen-derived free radicals (for
clumps of PT cells at a purity of greater than 96% [25].example, H2O2 or peroxynitrite). Within our laboratory,
This band was removed and the cells washed with3-AB and Nic have been shown to reduce reperfusion-
DMEM/Ham’s F12 before the cell pellet was resus-injury of the heart and skeletal muscle in vivo [21], as well
pended in minimum essential medium (MEM; containingas oxidant stress-mediated cellular injury and necrosis
l-valine substituted for d-valine; Gibco BRL/Life Tech-in vitro in cultured human and rat myoblasts [22, 23].
nologies). An aliquot was then removed for determina-However, to date very little research into the role of
tion of cell number and viability using the Trypan bluePARS within the kidney under normal or pathophysio-
exclusion method. The remaining suspension was dilutedlogical conditions has been done. Few reports have inves-
with MEM containing 10% (vol/vol) fetal calf serum
tigated the activation of PARS or the possible beneficial
(FCS; Sigma Chemical Co.) and seeded at a density of
role of PARS inhibitors in the kidney, or in renal cells 1 3 105 cells/ml. Rat PT cells were cultured in MEM
under conditions of oxidant stress such as ischemic acute containing 10% (vol/vol) FCS in a humidified 5% CO2/renal failure where the generation and actions of ROS 95% air atmosphere at 378C. Medium was changed every
plays a major role [24]. Some factors that pharmacologi- 48 hours until the cells reached confluence.
cal inhibition of PARS activation in the kidney may lead
to the development of novel therapies for the treatment Experimental design
of renal reperfusion-injury and associated acute renal To elucidate the effect of exposure of PT cells to oxi-
failure, either alone or in combination with other recog- dant stress, confluent monolayers of rat PT cells were
nized therapies, include: (i) reperfusion-injury plays a exposed to increasing concentrations of H2O2 (1 mm to
major role in clinical renal failure, (ii) PARS activation 1 m, Sigma Chemical Co.) for varying time periods (30
has been implicated in ischemia-reperfusion injury, and min to 4 hr). Upon completion of incubation, the degree
(iii) the beneficial effects of PARS inhibition have been of cell injury and death was determined as described
reported in other models of oxidant stress. Therefore, below. To elucidate which radical species mediated the
the aim of this study was to investigate the effect of cellular injury and death caused by H2O2, rat PT cell
PARS inhibitors on cellular injury and death in primary cultures were incubated with increasing concentrations
cultures of rat renal PT cells exposed to oxidant stress of the iron chelator desferrioxamine (0.03 to 3 mm, Sigma
Chemical Co.) or catalase (0.03 to 3 U/ml, Sigma Chemi-in the form of H2O2.
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cal Co.) either in the absence or presence of H2O2 (1 tion medium was transferred into a 96-well plate and
LDH activity was measured using a commercially avail-mm) for 4 or 24 hours, after which cellular injury and
cell death were assessed as described later in this article. able cytotoxicity detection kit (Boehringer Mannheim).
Briefly, 0.1 ml reaction buffer was added to each wellTo investigate the effect of inhibitors of PARS activity
on H2O2-mediated cell injury and death, PT cells were and the mixture was incubated for 30 minutes at room
temperature. The reaction was stopped by the additionpreincubated (10 min at 378C) with the PARS inhibitors
3-AB (0.1 to 10 mm; Sigma Chemical Co.), ISO (0.01 to of 25 ml 2 m HCl and absorbance measured spectrophoto-
metrically at 492 nm.1 mm; Aldrich, Dorset, UK) or Nic (0.1 to 10 mm; Sigma
Chemical Co.). PT cell cultures were also preincubated
Measurement of PARS activitywith 3-aminobenzoic acid (3-ABA; 0.1 to 10 mm; Fluka
Chemika; Dorset, UK) or nicotinic acid (NicA; 0.1 to 10 Hydrogen peroxide (H2O2)-mediated PARS activa-
tion was determined following a previously documentedmm; Sigma Chemical Co.), which are structural analogs
of 3-AB and Nic, respectively, that do not inhibit PARS method [7, 22, 23] involving the measurement of the
incorporation of [3H]NAD into nuclear proteins. Briefly,activity (negative controls) [14]. PT cell monolayers were
then incubated with H2O2 (1 mm) for four hours, after the incubation medium was removed by aspiration and
400 ml MEM added before the cells were scraped andwhich time cellular injury and death were assessed. To
determine whether H2O2 activates PARS, PT cells were transferred into labeled microcentrifuge tubes. The cell
suspension was then centrifuged (10,500 r.p.m. for 10incubated with increasing concentrations of H2O2 (0.1 to
10 mm) for varying time periods (30 min to 4 hr). Having seconds), and the pellet resuspended in 0.5 ml reaction
buffer [consisting of 56 mm HEPES buffer containingdiscovered that H2O2-mediated PARS activation was
maximal after incubation with 1 mm for one hour, the 28 mm KCl, 28 mm NaCl, 2 mm MgCl2, 0.02% (wt/vol)
digitonin and 125 nmol NAD spiked with 0.5 mCi/mlfollowing set of experiments were undertaken: PT cells
were preincubated (10 min at 378C) with the PARS in- [3H]NAD (specific activity 22 Ci/mmol; NEN Life Sci-
ence Products Ltd, Middlesex, UK), pH 7.5], previouslyhibitors 3-AB (3 mm), ISO (0.3 mm), Nic (3 mm) or the
inactive analogs 3-ABA (3 mm) or NicA (3 mm) and warmed to 378C. The mixtures were vortexed for 5 sec-
onds and incubated at 378C for 5 minutes. The reactionsubsequently exposed to H2O2 (1 mm) for one hour.
PARS activity was then measured as described later in was terminated by the addition of 200 ml of 50% (wt/
vol) trichloroacetic acid (TCA) and the samples vortexedthis article.
To evaluate the degree of DNA strand breaks caused and centrifuged (10 500 r.p.m. for 3 min). The resultant
protein precipitate pellet was washed twice using 50%by H2O2 in the absence or presence of the PARS inhibi-
tors, desferrioxamine or catalase, rat PT cells were incu- (wt/vol) TCA and solubilized overnight in 200 ml of a
0.5 m NaOH/2% (wt/vol) SDS mixture at 378C. Thebated with 1 mm H2O2 (1 mm) for 4 or 24 hours in the
presence or absence of 3-AB (3 mm), ISO (0.3 mm), amount of [3H]NAD incorporated was determined using
liquid scintillation counting and PARS activity expresseddesferrioxamine (3 mm) or catalase (3 U/ml). DNA
strand breakage was then determined. as pmol NAD incorporated/well/min.
Determination of DNA single-strand breaksMeasurement of cellular injury
H2O2-mediated cellular injury was determined indi- The formation of DNA strand breaks in double-
stranded DNA was determined by the alkaline unwind-rectly by measurement of the mitochondrial-dependent
conversion of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- ing method as previously described [7]. Briefly, PT cells
cultured in 12-well plates were scraped into 0.2 ml ofdiphenyltetrazolium bromide; Sigma Chemical Co.) into
formazan (an indicator of mitochondrial respiration). solution A (myoinositol 250 mm, NaH2PO3 10 mm, MgCl2
1 mm, pH 7.2). The cell lysate was then transferred intoBriefly, cells were incubated with MTT (0.2 mg/ml in
PBS) for one hour at 378C, after which the MTT solution plastic tubes designated T (maximum fluorescence), P
(fluorescence in sample used to estimate extent of DNAwas removed by aspiration. The cells were then solubi-
lized in dimethyl sulfoxide (0.5 ml). A 0.1 ml sample was unwinding), or B (background fluorescence). To each
tube, 0.2 ml of alkaline lysis solution B [NaOH 10 mm,transferred into a 96-well plate and the reduction of MTT
to formazan was quantitated spectrophotometrically by urea 9 m, ethylenediaminetetraacetic acid (EDTA) 2.5
mm, sodium dodecyl sulfate (SDS) 0.1% wt/vol] wasmeasurement of absorbance at 550 nm.
added and incubated at 48C for 10 minutes to allow cell
Measurement of cytotoxicity lysis and chromatin disruption. Then, 0.1 ml each of
solutions C (0.45 volume solution B in 0.2 m NaOH) andHydrogen peroxide (H2O2)-mediated cell death was
determined by measurement of lactate dehydrogenase D (0.4 volume solution B in 0.2 m NaOH) were added
to the P and B tubes; 0.1 ml of neutralizing solution E(LDH) released into the incubation medium due to the
loss of membrane integrity. A 0.1 ml sample of incuba- (glucose 1 m, mercaptoethanol 14 mm) was added to the
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T tubes before solutions C and D were added. From this of rat PT cells obtained using the isolation method de-
scribed in this study have been previously characterizedpoint onwards, all incubations were carried out in the
dark. The mixtures were incubated for 30 minutes at 08C using phase contrast and electron scanning microscopy,
enzyme histochemistry and the demonstration of PT spe-to allow the alkali to diffuse into the viscous lysate. As
the neutralizing solution, solution E, was added to the cific transport mechanisms (for example, d-glucose and
anionic/cationic transport) [25, 26]. These studies haveT tubes before addition of the alkaline solutions C and
D, the DNA in the T tubes was never exposed to a demonstrated that the cells isolated using this technique
are of PT origin and maintain PT specific propertiesdenaturing pH. At the end of the 30 minute incubation,
the contents of the B tubes were sonicated for 30 seconds throughout their culture and during the experiments.
to ensure rapid denaturation of DNA in the alkaline
Activation of PARS by H2O2 in rat proximal tubulesolution. All tubes were then incubated at 158C for 10
cell culturesminutes. Denaturation was stopped by chilling to 08C
and adding 0.4 ml of solution E to the P and B tubes. Incubation of rat PT cell cultures with H2O2 produced
an increase in PARS activity (Fig. 1) which was maximal1.5 ml of solution F (ethidium bromide 6.7 mg/ml in 13.3
mm NaOH) was added to all the tubes and fluorescence and significant after one hour incubation using 1 mm
H2O2 [from 11.77 6 3.56 (control cultures) to 39.46 6 5.16(excitation 520 nm, emission 590 nm) was measured.
Under the conditions used, in which ethidium bromide (1 mm H2O2) pmol NAD incorporated/well/min; N 5 6,
P , 0.05; Fig. 1A]. Incubation with H2O2 for longerbinds preferentially to double-stranded DNA, the per-
centage of double-stranded DNA (D) may be deter- time periods (90, 120 min) were found to produce less
activation of PARS by H2O2 (Fig. 1A). A maximal PARSmined using the equation:
activation by H2O2 was also obtained when exposing rat% D 5 100 3 [F(P) 2 F(B)]/[F(T) 2 F(B)]
PT cells to 1 mm H2O2 for one hour [from 12.00 6 2.41
(control cultures) to 44.60 6 4.24 (1 mm H2O2) pmolwhere F(P) is the fluorescence of the sample, F(B) the
background fluorescence (that is, the fluorescence due NAD incorporated/well/min; N 5 6, P , 0.05; Fig. 1B].
Higher concentrations of H2O2 (3, 10 mm) were foundto all cell components other than double stranded DNA),
and F(T) the maximum fluorescence. The percentage of to be less effective in activating PARS (Fig. 1B).
single-strand DNA breaks was determined by sub-
Inhibition of H2O2-mediated PARS activation bytracting percentage D from 100. Results were expressed
PARS inhibitorsas percentage DNA single-strand breaks.
The increase in PARS activity caused by incubation
Statistical analysis of rat PT cell cultures with 1 mm H2O2 for one hour was
significantly reduced by 3-AB (3 mm), ISO (0.3 mm) andData are expressed as mean 6 sem from measure-
ments taken from cultures obtained from four to six Nic (3 mm) (Fig. 2). Incubation with 1 mm H2O2 for
one hour activated PARS from 10.02 6 3.42 (controlseparate isolations. For the measurement of PARS activ-
ity, experiments were performed in duplicate. For the cultures) to 44.31 6 6.07 (1 mm H2O2) pmol NAD incor-
porated/well/min; (N 5 6, P , 0.05; Fig. 2). Pre-incuba-determination of cellular injury (MTT assay), cell necro-
sis (LDH assay) and DNA single strand breaks, experi- tion with 3-AB (3 mm) significantly reduced H2O2-medi-
ated PARS activation from 44.31 6 6.07 (H2O2-control)ments were performed in triplicate. Data were analyzed
using ANOVA followed by Bonferroni’s post hoc test. A to 24.86 6 7.52 (3 mm 3-AB) pmol NAD incorporated/
well/min (N 5 6, P , 0.05; Fig. 2). Pre-incubation withP value of less than 0.05 was considered to be significant.
ISO (0.3 mm) also produced a significant decrease in
H2O2-mediated PARS activation [from 44.31 6 6.07RESULTS
(H2O2-control) to 25.34 6 7.24 (0.3 mm ISO) pmol NAD
Isolation, culture and characterization of rat proximal incorporated/well/min; N 5 6, P , 0.05; Fig. 2]. A similar
tubule cells response was obtained using Nic (3 mm) [from 44.31 6
6.07 (H2O2-control) to 21.99 6 4.78 (3 mm Nic) pmolOn removal from Percoll and observation under light
microscope, the 1.060 g/ml band was found to consist of NAD incorporated/well/min; N 5 6, P , 0.05; Fig. 2].
Pre-incubation with the inactive structural analogs ofboth single and small 2- to 4-cell clumps of PT, which
was in keeping with the findings of others [25, 26]. Once the PARS inhibitors (negative controls), 3-ABA and
NicA, did not affect the H2O2-mediated PARS activationconfluent, cultures of PT cells demonstrated the typical
“cobblestone” morphology associated with epithelial [44.31 6 6.07 (H2O2-control) vs. 40.67 6 9.90 (3 mm
3-ABA) and 43.36 6 16.84 (3 mm NicA) pmol NADcells. These cultures did not exhibit any evidence of
fibroblast contamination, which was prevented by the incorporated/well/min; N 5 6, P 5 NS; Fig. 2]. Incubation
with the PARS inhibitors or their inactive analogs onlyuse of MEM throughout culture in which l-valine was
substituted with d-valine [27]. Suspensions and cultures did not have any effect on PARS activation in control
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Fig. 1. Poly (ADP-ribose) synthetase (PARS) activation by (A) 1 mM of hydrogen peroxide (H2O2) over time and (B) using increasing concentrations
of H2O2 ( ). N 5 6; * P , 0.05 vs. H2O2-control (j).
as demonstrated by using the LDH assay (Fig. 3B). Incu-
bation with 1 mm H2O2 produced an increase in LDH
release from 0 (untreated controls) to 36.73 6 4.09%
cytotoxicity after one hour (N 5 6, P , 0.05; Fig. 3B) and
to 61.85 6 9.08% cytotoxicity after four hours (N 5 6,
P , 0.05; Fig. 3B).
Incubation with the iron chelator desferrioxamine
(0.03 to 3 mm), which prevents the formation of hydroxyl
radicals from H2O2 via inhibition of the Fenton reaction,
attenuated both the fall in mitochondrial respiration
(Fig. 4A) and release of LDH (Fig. 4B) mediated by
H2O2 (1 mm for 4 hr), respectively. Incubation of rat PT
cells with desferrioxamine produced a significant reduc-
Fig. 2. Effect of PARS inhibitors on H2O2-mediated (1 mM for 1 hr) tion in H2O2-mediated inhibition of mitochondrial respi-
PARS activation. PARS inhibitors are: 3-AB (3 mm; N 5 6), ISO (0.3 ration [22.41 6 1.23 (H2O2-control) to 55.44 6 9.57 (1 mmmm; N 5 6) and Nic (3 mm; N 5 6). Inactive structural analogs are: 3-
ABA (3 mm; N 5 6) and NicA (3 mm; N 5 6). * P , 0.05 vs. control desferrioxamine) % of control; N 5 4, P , 0.05; Fig.
(h), 1P , 0.05 vs. H2O2 control (j). 4A]. Desferrioxamine (0.03 to 3 mm) also significantly
attenuated LDH release produced by incubation with
1 mm H2O2 for four hours [70.02 6 3.42 (H2O2-control)
cultures at the concentrations used in this study (data to 35.99 6 1.38 (1 mm desferrioxamine) % cytotoxicity;
not shown). N 5 4, P , 0.05; Fig. 4B].
Increasing concentrations of catalase (0.03 to 3 U/ml)
H2O2-mediated rat proximal tubular cell also reduced both the fall in mitochondrial respirationinjury and necrosis
(Fig. 5A) and the associated release of LDH (Fig. 5B)
Incubation of rat PT cell cultures with increasing con- mediated by H2O2 (1 mm for 4 hr), respectively. Incuba-centrations of H2O2 produced a significant decrease in tion of rat PT cells with catalase produced a significant
mitochondrial respiration as determined by using the
reduction in the impairment of mitochondrial respirationMTT assay (Fig. 3A). After one hour of incubation with
caused by H2O2 [21.46 6 1.87 (H2O2-control) to 68.13 61 mm H2O2, mitochondrial respiration decreased from
7.13 (3 U/ml catalase) % of control; N 5 4, P , 0.05;100 (untreated controls) to 23.43 6 10.95% of control
Fig. 5A]. Catalase also significantly attenuated the LDH(N 5 6, P , 0.05; Fig. 3A), and after four hours of
release (cytotoxicity) produced by incubation with 1 mmtreatment with 1 mm H2O2 mitochondrial respiration de-
H2O2 for four hours [71.76 6 4.62 (H2O2-control) tocreased from 100 (untreated controls) to 15.23 6 3.90%
38.47 6 1.62 (3 U/ml catalase) % cytotoxicity; N 5 4,of control (N 5 6, P , 0.05; Fig. 3A). H2O2 also produced
a significant release of LDH into the incubation medium P , 0.05; Fig. 5B].
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Fig. 3. Effect of increasing concentrations of H2O2 on (A) reduction in mitochondrial respiration and (B) increase in lactate dehydrogenase (LDH)
released into the incubation medium. * P , 0.05 vs. control values; N 5 6. Symbols are: ( ) 60 min; (j) 240 min.
Fig. 4. Effect of increasing concentrations of desferrioxamine on H2O2-mediated (1 mM for 4 hr) (A) reduction in mitochondrial respiration and
(B) increase in LDH released into incubation medium. * P , 0.05 vs. control values; N 5 4.
Attenuation of H2O2-mediated cellular injury by mitochondrial respiration caused by H2O2, which was
PARS inhibitors maximal at a concentration of 3 mm of 3-AB [from 17.99 6
0.80 (H2O2-control) to 46.66 6 2.23 (3 mm 3-AB) % ofAs it was determined that incubation of rat PT cells
control; N 5 6, P , 0.05; Fig. 6A]. Incubation with higherwith 1 mm H2O2 for four hours produced a significant,
concentrations of 3-AB (10 mm) provided less protectionsubmaximal cellular injury and cell death, the effects of
against impairment of mitochondrial respiration in com-the PARS inhibitors were investigated after incubation
parison with that obtained using 3 mm 3-AB [46.66 6with 1 mm H2O2 for this time period.
2.23 (3 mm 3-AB) vs. 37.22 6 3.78 (10 mm 3-AB) % ofThe PARS inhibitors 3-AB, ISO and Nic produced a
control; N 5 6, P , 0.05; Fig. 6A]. However, the protec-significant reduction in the H2O2-mediated decrease in
tion obtained at higher 3-AB concentrations was stillmitochondrial respiration produced by incubation of rat
significantly greater than control values [17.99 6 0.80PT cell cultures with 1 mm H2O2 for four hours (Fig. 6
(H2O2-control) vs. 37.22 6 3.78 (10 mm 3-AB) % ofA–C). Incubation with 1 mm H2O2 for four hours reduced
control; N 5 6, P , 0.05; Fig. 6A].mitochondrial respiration by 82.01 6 0.80% compared
Incubation with ISO (0.01 to 1 mm) also produced ato normal cultures (N 5 6, P , 0.05; Fig. 6 A–C). Incuba-
significant reduction in H2O2-mediated cellular injurytion with 3-AB (0.1 to 10 mm) produced a significant and
concentration-dependent reduction in the impairment of with a maximal response obtained using 0.3 mm ISO
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Fig. 5. Effect of increasing concentrations of catalase on H2O2-mediated (1 mM for 4 h) (A) reduction in mitochondrial respiration and (B) increase
in LDH released into incubation medium. * P , 0.05 vs. control values; N 5 4.
[from 17.99 6 0.80 (H2O2-control) to 56.68 6 6.05 (0.3 35.20 6 14.26 (3 mm desferrioxamine) and 75.31 6 10.80
(3 U/ml catalase) % of control; N 5 4, P , 0.05; Fig. 6E].mm ISO) % of control; N 5 6, P , 0.05; Fig. 6B]. A
similar response was obtained using Nic (0.1 to 10 mm),
Attenuation of H2O2-mediated cellular necrosis byand a maximal reduction in H2O2-mediated impairment
PARS inhibitorsof mitochondrial respiration was obtained using 10 mm
Nic [from 17.99 6 0.80 (H2O2-control) to 45.31 6 2.79 The PARS inhibitors produced a significant reduction
in the H2O2-mediated LDH released by rat PT cell cul-(3 mm Nic) % of control; N 5 6, P , 0.05; Fig. 6C].
The inactive structural analogs of the PARS inhibitors tures incubated with 1 mm H2O2 for four hours (Fig. 7).
Incubation with 1 mm H2O2 for four hours increased(negative controls), 3-ABA and NicA, did not affect the
impairment in mitochondrial respiration produced by LDH release by 56.90 6 3.54% compared to normal
cultures (N 5 6, P , 0.05; Fig. 7). Incubation with 3-ABH2O2 at any of the concentrations tested (0.1 to 10 mm).
Pre-incubation with 3 mm 3-ABA or NicA did not affect (3 mm) produced a significant decrease in H2O2-mediated
LDH release [from 56.90 6 3.54 (H2O2-control) to 33.85 6the H2O2-mediated inhibition of mitochondrial respira-
tion [17.99 6 0.80 (H2O2-control) vs. 17.84 6 1.49 (3 mm 2.93 (3 mm 3-AB) % cytotoxicity; N 5 6, P , 0.05;
Fig. 7]. Incubation with ISO (0.3 mm) also produced a3-ABA) and 19.56 6 2.34 (3 mm NicA) % of control;
N 5 6, P 5 NS; Fig. 6D]. Incubation with the PARS significant decrease in H2O2-mediated LDH release
[from 56.90 6 3.54 (H2O2-control) to 35.69 6 4.02 (0.3inhibitors or their inactive analogs alone did not have any
effect on mitochondrial respiration at the concentrations mm ISO) % cytotoxicity; N 5 6, P , 0.05; Fig. 7]. A
similar response was obtained using Nic (3 mm) [fromused in this study (data not shown).
Incubation of rat PT cells for 24 hours with 1 mm 56.90 6 3.54 (H2O2-control) to 43.78 6 2.19 (3 mm Nic)
% cytotoxicity; N 5 6, P , 0.05; Fig. 7)].H2O2 produced a significant inhibition of mitochondrial
respiration of <95% compared to normal cultures (N 5 4, Pre-incubation with the inactive structural analogs of
the PARS inhibitors (negative controls), 3-ABA andP , 0.05; Fig. 6E). The PARS inhibitor 3-AB (3 mm)
did not protect against the H2O2-mediated decrease in NicA, did not affect the H2O2-mediated LDH release
[56.90 6 3.54 (H2O2-control) vs. 56.13 6 4.28 (3 mmmitochondrial respiration produced by incubation with
1 mm H2O2 for 24 hours (Fig. 6E). However, ISO (0.3 3-ABA) and 53.75 6 4.18 (3 mm NicA) % cytotoxicity;
mm) produced a small, but significant, protection against N 5 6, P 5 NS; Fig. 7]. Incubation with the PARS
the decrease in mitochondrial respiration produced by inhibitors or their inactive analogs only did not have
incubation with H2O2 (1 mm) for 24 hours [from 5.09 6 any effect on LDH release from control cultures at the
1.94 (H2O2-control) to 15.86 6 3.45 (0.3 mm ISO) % of concentrations used in this study (data not shown).
control; N 5 4, P , 0.05; Fig. 6E]. Both desferrioxamine
Correlation between H2O2-mediated PARS activation(3 mm) and catalase (3 U/ml) also afforded a significant
and necrosisprotection of rat PT cells against the H2O2-mediated
inhibition of mitochondrial respiration produced by 1 mm A strong positive correlation was observed between
H2O2-mediated PARS activation after one hour andH2O2 over 24 hours [from 1.7 6 0.35 (H2O2-control) to
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Fig. 6. Effect of PARS inhibitors and their inactive structural analogs
on H2O2-mediated (1 mM for 4 hr) impairment of mitochondrial respira-
tion. (A) 3-AB (0.1–10 mm; N 5 6), (B) ISO (0.01–1 mm; N 5 6), (C)
Nic (0.1–10 mm; N 5 6), (D) 3-AB (3 mm; N 5 6), ISO (0.3 mm; N 5
6), Nic (3 mm; N 5 6), 3-ABA. (3 mm; N 5 6) and NicA (3 mm; N 5
6), *P , 0.05 vs. H2O2-control (j). Rat PT cell cultures were also
incubated with 1 mm H2O2 for 4 hours, after which viability was assessed
after 24 hr (E) after incubations in the presence of 3-AB (3 mm; N 5
4), ISO (0.3 mm; N 5 4), desferrioxamine (DEF, 3 mm; N 5 4) or
catalase (CAT, 3 U/ml; N 5 4), *P , 0.05 vs. H2O2-control (j).
LDH released into incubation medium after four hours DNA strand breakage
from rat PT cell cultures incubated with 1 mm H2O2 (r 5 Incubation of rat PT cells for 4 and 24 hours with 1
0.93, N 5 12, P , 0.05; Fig. 8). The mean 6 sem values mm H2O2 produced a significant increase in DNA single
obtained from the raw data used in this comparison were: strand breaks compared to control cultures (Fig. 9). Incu-
PARS activity after one hour, 11.36 6 2.30 (control) vs. bation with 1 mm H2O2 for four hours increased the
39.45 6 7.11 (1 mm H2O2) pmol NAD incorporated/well/ degree of DNA single strand breaks from 10.3 6 5.4
min (N 5 12, P , 0.05; Fig. 8); LDH release after four (control cultures) to 89.0 6 5.0 (1 mm H2O2) % DNA
hours 4.47 6 1.85 (control) vs. 55.24 6 7.22 (1 mm H2O2) single strand breaks (N 5 4, P , 0.05; Fig. 9A). Incuba-
tion of the cells with 1 mm H2O2 for 24 hours increased% cytotoxicity (N 5 12, P , 0.05; Fig. 8).
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single strand breaks significantly at 4 and 24 hours [89.0 6
5.0 (1 mm H2O2 only) to 31.7 6 7.1 (3 U/ml catalase) %
DNA single strand breaks after 4 hr, N 5 4, P , 0.05;
Fig. 9A; 7.7 6 1.0 (1 mm H2O2 only) to 26.2 6 2.6 (3
U/ml catalase), % DNA single strand breaks after 24 hr,
N 5 4, P , 0.05; Fig. 9B].
DISCUSSION
Incubation of primary cultures of rat PT cells with
H2O2 for four hours produced a significant inhibition of
mitochondrial respiration and subsequently the release
of the cytosolic enzyme LDH into the supernatant.
Therefore, within four hours H2O2 caused an impairmentFig. 7. Effect of PARS inhibitors and their inactive structural analogs
of mitochondrial function and subsequently the death ofon H2O2-mediated (1 mM for 4 hr) LDH release. PARS inhibitors used
3-AB (3 mm; N 5 6), ISO (0.3 mm; N 5 6) and Nic (3 mm; N 5 6). rat PT cells. This study shows that pretreatment of rat
Inactive structural analogs (negative controls) used 3-ABA (3 mm; N 5 6) PT cells with several chemically distinct PARS inhibitorsand NicA (3 mm; N 5 6). * P , 0.05 vs. H2O2-control (j).
(3-AB, ISO and Nic) attenuate both the impairment in
mitochondrial respiration as well as the cell death caused
by H2O2. The cellular injury and cell death produced by
H2O2 is secondary to the generation of hydroxyl radical,
as these actions were attenuated by the iron chelator
desferrioxamine, which prevents the formation of hy-
droxyl radical from H2O2 by inhibition of the Fenton
reaction. Furthermore, catalase also significantly re-
duced H2O2-mediated cellular injury and cell death in
rat PT cell cultures.
This raises the following two questions: (i) What is
the mechanism by which H2O2 causes cell injury and
death of rat PT cells? (ii) What is the mechanism by
which PARS inhibitors protect rat PT cells against the
cytotoxic effects of H2O2? There is good evidence from
both in vivo and in vitro studies that (i) ROS produce
strand breaks in DNA in renal tissues [28] and (ii) strand
breaks in DNA activate PARS [7, 29]. Therefore, we
propose that the activation of PARS may contribute to
Fig. 8. Correlation between H2O2-mediated PARS activation (1 mM
the injury and cell death caused by H2O2 in rat PT cells.H2O2; 1 hr) and LDH released into the incubation medium (1 mM H2O2;
4 hr). Raw data are from 12 separate isolations; r 5 0.93; *P , 0.05 Indeed, we demonstrate that incubation of rat PT cells
vs. controls. with H2O2 for either 4 or 24 hours causes a substantial
degree of single strand breaks in DNA. We also report
that exposure of rat PT cells to H2O2 leads to a significant
increase in PARS activity. For instance, exposure of ratDNA single strand breaks from 14.5 6 7.3 (control cul-
PT cells to 1 mm H2O2 leads within one hour to approxi-tures) to 97.7 6 1.0 (1 mm H2O2) % DNA single strand
mately a threefold increase in PARS activity. These find-breaks (N 5 4, P , 0.05; Fig. 9B). The PARS inhibitors
ings support the view that H2O2 causes single strand3-AB (3 mm) and ISO (0.3 mm) did not affect the increase
breaks in DNA, which in turn lead to the activationin DNA single strand breaks caused by exposure of rat
of PARS. Our hypothesis that this activation of PARSPT cells to 1 mm H2O2 for 4 or 24 hours (Fig. 9). However,
accounts for the subsequent injury and death of rat PTdesferrioxamine (3 mm) significantly reduced the DNA
cells is supported by the following findings: (1) We foundsingle strand breaks caused by 1 mm H2O2 after 4 and 24
a significant positive correlation (r 5 0.93) between thehours [89.0 6 5.0 (1 mm H2O2 only) to 66.1 6 3.4 (3 mm
observed increase in PARS activity and cell death (asdesferrioxamine) % DNA single strand breaks after 4 hr,
measured by the release of LDH into the cell superna-N 5 4, P , 0.05; Fig. 9A; 7.7 6 1.0 (1 mm H2O2 only)
tant). (2) We report that three chemically distinct inhibi-to 82.4 6 1.2 (3 mm desferrioxamine) % DNA single
tors of PARS activity attenuate the cell injury and deathstrand breaks after 24 hr, N 5 4, P , 0.05; Fig. 9B].
Catalase (3 U/ml) also reduced the H2O2-mediated DNA as well as the increase in PARS activity caused by H2O2
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Fig. 9. Effect of PARS inhibitors, desferrioxamine and catalase on H2O2-mediated DNA single strand breakage after (A) 4 hours and (B) after
24 hours. Rat PT cell cultures were incubated with 1 mm H2O2 in the presence of 3-AB (3 mm; N 5 4), ISO (0.3 mm; N 5 4), desferrioxamine
(DEF, 3 mm; N 5 4) and catalase (CAT, 3 U/ml); N 5 (4), *P , 0.05 vs. H2O2-control (j).
in rat PT cells. (3) 3-ABA, an analog of 3-AB that did 3-AB were reduced, which was likely due to separate
metabolic actions that prevail at higher concentrationsnot inhibit PARS activity, also failed to reduce the cell
injury/death caused by H2O2 in rat PT cells (negative of 3-AB, including inhibition of protein, DNA and RNA
synthesis and inhibition of cytochrome P-450 [13].control). (4) NicA, an analog of Nic, which did not inhibit
PARS activity, also failed to reduce the cell injury/death Having found that that inhibitors of PARS activity
protect rat PT cells for four hours against the cytotoxiccaused by H2O2 in rat PT cells (negative control). Thus,
we propose that H2O2 causes an increase in PARS activ- effects of H2O2, we investigated whether or not this rela-
tively short-term protection translates into a longer-termity, which in turn contributes to the cell injury and death
caused by H2O2 in rat PT cells. It should be noted that (24 hr) survival of these cells. We found that 24 hours
after exposure of rat PT cells to 1 mm H2O2 for 4 hours,higher concentrations of H2O2 or incubation of rat PT
cells with H2O2 for longer time periods produced a reduc- PT cell viability was significantly reduced by <95%. This
very substantial decline in cell viability was not attenu-tion in PARS activation due to an increase in cell toxicity.
This is presumably due to other (PARS-independent) ated by 3-AB. However, the more potent PARS inhibitor
ISO caused a small, but significant reduction in cell deathcytotoxic mechanisms including lipid peroxidation and
protein denaturation. even after 24 hours. It should be noted that in this very
severe model of cell injury and death, desferrioxamineOne could argue that the beneficial effects of the three
PARS inhibitors used are due to their ability to scavenge and catalase also produced a significant reduction in the
cell death caused by H2O2. The finding that PARS inhibi-radicals. There is evidence that the PARS inhibitors used
here (at the concentrations described in this study) do tors are not very effective in reducing the cell death
caused by exposure of rat PT to H2O2 after 24 hours isnot scavenge ROS [13, 22]. This notion is supported by
our finding that none of the PARS inhibitors used in not altogether surprising, as other mechanisms of cellular
cytotoxicity, including protein denaturation, lipid peroxi-our study were able to attenuate the development of single
strand breaks in DNA caused by H2O2. In contrast, des- dation and events subsequent to DNA damage such as
apoptosis and inhibition of protein synthesis, will alsoferrioxamine and catalase largely attenuated the DNA
strand breaks caused by H2O2 (positive control). It is also contribute to cell death. It is also possible that 3-AB was
metabolized by rat PT (leading to a rapid fall in thepossible that the protective actions afforded by Nic could
have been due to replenishment of intracellular NAD concentration of 3-AB in the medium), as there is good
evidence that the half life of 3-AB in the rat in vivo islevels via the resynthesis of NAD from nicotinamide [10],
but this is unlikely, as NicA, which can also be resynthe- relatively short at 90 minutes [30]. The interpretation of
the results of this study is also complicated by the factssized to NAD, did not protect PT cells against H2O2-
mediated cellular injury and death in this study. This is that (i) H2O2 induces apoptosis [31], and (ii) it is contro-
versial whether inhibitors of PARS reduce, enhance orsupported by the finding that ISO, a more potent PARS
inhibitor, also protected PT cells against H2O2-mediated do not affect the degree of apoptosis caused by a given
stimuli [32].cellular injury and death at lower concentrations. At a
higher concentration (10 mm) the protective effects of Thus, our study demonstrates that inhibition of PARS
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